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FOREWORD 


In  conducting  the  research  described  in  this  report,  the  investigator, 
adhered  to  the  "Guide  for  the  Care  and  Use  of  Laboratory  Animals,"  prepared 
by  the  Committee  on  Care  and  Use  of  Laboratory  Animals  of  the  Institute  of 
Laboratory  Animal  Resources,  National  Research  Council  (DHEW  Publication 
No.  (NIH)  86-23,  Revised  1985). 


Citations  of  commercial  organizations  and  trade  names  in  this  report 
do  not  constitute  an  official  Department  of  the  Army  endorsement  or 
approval  of  the  products  or  services  of  these  organizations. 


I.  Introduction 


A.  Why  study  the  effects  of  Ml  and  M2  cholinergic  antagonists  on 
presynaptic  cholinergic  receptors  that  modulate  ACh  release? 

Since  the  early  research  of  Langley  (1901) ,  the  concept  of  neurohumoral 
transmission,  both  in  the  peripheral  as  well  as  central  nervous  system,  has 
been  well  established.  Rapid  advancements  in  the  neurosciences,  including  the 
development  and  refinement  of  methodological  techniques,  have  resulted  in  a 
number  of  putative  neurotransmitters  being  identified.  Various 
pharmacological  tools  are  available  to  intervene  in  their  synthesis,  release, 
their  effects  on  postsynaptic  membrane  receptors,  their  degradation,  etc. 

This  has  advanced  immensely  our  understanding  of  the  way  communication  in  the 
nervous  system  occurs  and  its  importance  in  various  physio/pathological 
processes.  Innumerable  studies  in  recent  years  have  been  devoted  to  the 
mechanisms  of  release  of  neurotransmitters.  Studies  using  various  techniques 
have  considerably  enhanced  our  knowledge.  The  mechanisms  of  acetylcholine 
(ACh)  release  have  received  great  attention  since  the  early  part  of  this 
century  (see  Magnus,  1930) .  The  intestine  of  various  animals  was  studied 
extensively  in  various  species  and  the  origin  of  ACh  was  the  subject  of 
considerable  debate  among  researchers.  In  the  classical  work  of  Paton  and  his 
colleagues  (1965,  1968,  1971)  experiments  with  innervated  longitudinal  muscle 
strip,  prepared  from  guinea  pig  intestine  proved  the  neurogenic  origin  of  ACh. 
This  work  also  laid  the  foundation  for  understanding  the  factors  affecting  the 
release  of  ACh.  Since  the  enteric  nervous  system  resembles  (1)  morphological¬ 
ly,  (2)  ultrastructurally,  and  (3)  pharmacologically  the  central  nervous 
system,  it  is  still  used  by  many  investigators  and  has  been  compared  to  brain 
slice  preparations  (e.g.,  hippocampus  or  cerebral  cortex,  see  Kilbinger,  1982 


for  extensive  review) . 


Of  great  interest  is  the  description  of  a  "negative  feedback  mechanism" 
for  the  control  of  ACh  release  that  is  triggered  by  activation  of  presynaptic 
muscarinic  receptors.  Stimulation  of  these  receptors  by  ACh  or  other 
muscarinic  cholinergic  agonists  leads  to  the  inhibition  of  further  ACh 
release.  This  inhibition  is  overcome  by  muscarinic  antagonists  like  atropine 
(Szerb,  1979) .  This  is  an  important  mechanism  of  regulation  of  ACh  release. 
Fig.  1  illustrates  in  diagrammatic  form  a  summary  of  the  major  pre-  and 
postsynaptic  receptors  and  messengers  involved  in  cholinergic  transmission. 
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Fig.  1.  Schematic  diagram  of  multiple  pre-  and  postsynaptic  M  and  N 
receptors,  ion  channels,  and  messengers  involved  in  cholinergic  transmission. 


This  basic  knowledge  of  cholinergic  transmission  has  direct  relevance  to 
the  problem  of  poisoning  by  organophosphate  (OP)  agents  and  subsequent 
treatment.  Presently  atropine  is  the  drug  of  choice  for  treating  OP  poisoning 
because  of  its  effective  postsynaptic  blockade  of  Ml  and  M2  (muscarinic) 
cholinergic  receptors.  Fig.  2  shows  the  effects  of  atropine  on  increasing  ACh 
release  from  cholinergic  nerve  endings  when  atropine  is  used  as  an  antidote  to 
nerve  agent  poisoning.  Benzodiazepines  like  diazepam  (DZ)  and  midazolam  (MZ) 
would  enhance  the  effects  of  GABA  and  therefore  tend  to  reduce  ACh  release  in 
a  beneficial  manner. 
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Fig.  2.  Schematic  diagram  of  the  consequences  of  atropine  on  ACh  release  from 
cholinergic  nerve  endings,  when  atropine  is  used  as  an  antidote  to  nerve  agent 
poisoning. 
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For  purposes  of  brevity  and  clarity,  all  sources  of  acetylcholinesterase 
(AChE)  and  butyrylcholinesterase  (BChE)  are  not  illustrated.  Under  normal 
circumstances  there  is  a  very  precise  control  of  ACh  release  that  is  modulated 
by  presynaptic  M  and  N  receptors.  The  M  receptors  exert  a  negative  feedback 
on  ACh  release,  while  N  receptors  (at  some  sites  only)  exert  a  positive 
feedback  on  ACh  release.  In  the  presence  of  OP  agents  that  inhibit  AChE  and 
BChE,  a  large  excess  of  free  ACh  causes  a  predominant  feedback  inhibition  of 
more  ACh  release  through  excitation  of  presynaptic  M  receptors.  Since  M 
receptors  are  more  numerous  than  N  receptors,  no  more  ACh  is  released. 

However,  in  the  presence  of  atropine  as  an  antidote,  this  M  mediated 
presynaptic  inhibition  of  ACh  release  is  blocked,  causing  further  free  ACh 
release  to  affect  postsynaptic  sites.  Even  though  atropine  is  a  competitive 
Ml  and  M2  antagonist,  apparently  enough  atropine  can  be  given  so  that 
postsynaptic  Ml  and  M2  antagonism  predominates  in  the  presence  of  enhanced 
free  levels  of  ACh  in  the  biophase  of  M  receptors.  On  the  other  hand,  the  N 
cholinergic  receptors  and  other  non-atropine  sensitive  receptor  sites  can 
still  react  to  the  enhanced  levels  of  free  ACh.  Since  OP  agents  also  have 
direct  membrane  effects,  it  is  obvious  that  a  combination  of  antidotes  is 
needed  to  protect  against  OP  agents.  Surprisingly,  N-antagonists  alone  are 
not  very  effective  OP  antidotes.  Instead  it  is  becoming  very  clear  that 
benzodiazepines  such  as  diazepam  and  midazolam,  in  combination  with  atropine, 
do  protect  against  paraoxon-induced  OP  intoxication  (see  Krutak-Krol  and 
Domino,  1985) . 

The  working  hypothesis  of  the  present  research  is  that  while  atropine  is 
clearly  a  suitable  classical  OP  antidote,  a  more  effective  antidote  would  be  a 
muscarinic  cholinergic  antagonist  that  would  only  act  postsynaptically  and  not 
alter  presynaptic  ACh  release. 


The  use  of  brain  slices  incubated  with  H-choline  offers  a  simple  assay 
method  for  testing  for  the  presynaptic  activity  of  atropine  like  drugs.  In 


the  past  l*s  years  we  have  set  up  the  rat  hippocampal  slice  preparation  for 
3. 


measuring  H-ACh  release.  Our  accomplishments  to  date  are  described  in  the 
present  annual  report. 

B.  Why  study  the  rat  hippocampal  slice  preparation  _in  vitro? 

The  rat  in  vitro  hippocampal  slice  preparation  was  used  for  several 
reasons.  These  include:  1}  It  is  a  sensitive  site  of  action  of  OP  agents  in 
general  and  nerve  agents  in  particular.  2)  The  input-intrinsic-output 
relations  and  pharmacology  of  the  hippocampus  are  becoming  well  known  (see 
review  by  Dingledine,  1984) .  3)  The  major  cholinergic  input  into  the 

hippocampus  via  the  medial  septum  is  cholinergic.  4)  The  slices  can  be  cut  so 
that  most  of  the  intrinsic  hippocampal  connections  will  remain  intact.  5) 

Many  similar  slices  can  be  obtained  from  the  brain  of  one  animal. 

C.  Functional  neurotransmitter  circuitry  of  the  hippocampus 

1.  Neural  circuitry  of  the  hippocampus 

The  major  contributions  to  our  knowledge  of  the  anatomy  of  the 
hippocampus  were  made  in  1901  by  Ramon  y  Cajal  (see  1955)  and  later  by  Lorente 
de  No  (1934) .  The  hippocampal  formation  represents  a  very  regular  laminated 
structure  so  that  a  description  of  its  transverse  section  can  be 
representative  of  the  whole  structure  as  shown  in  Fig.  3.  The  gross 
localization  of  some  of  the  major  neurotransmitters  is  illustrated  in  Fig.  4. 

2.  Perforant  pathway  and  granular  cells 

Fibers  originating  in  the  ipsilateral  entorhinal  cortex  enter  the 
hippocampal  formation  and  form  the  perforant  pathway.  A  small  portion  of 
these  fibers  originate  from  the  contralateral  entorhinal  region  (Goldowitz  et 
al . ,  1975).  These  fibers  terminate  on  the  granular  cells.  This  input  is 
organized  in  parallel  lines  as  shown  in  Fig.  3.  The  number  of  fibers  and 
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Fig.  3.  Overview  of  the  rat  brain  and  anatomy  of  the  hippocampal  slice. 

The  symbols  are:  A-alveus,  O-stratum  oriens,  P-stratum  pyramidale,  R-stratum 

reticulare,  LM-stratum  lacunosomoleculare,  CA^-CA^region ,  Sch-Schaffer 

,  > 

collaterals,  CA3~CA3  region,  comm-commissural  fibers,  fim-fimbria,  mf-mossy 
fibers,  gc-granular  cells,  pp-perforant  path,  subiculum-subiculum 


granular  cells  per  unit  volume  of  tissue  is  constant  (Lomo,  1971) .  The  amino 
acid  glutamate  serves  as  an  excitatory  neurotransmitter  in  the  perforant  path 
fiber-granular  cell  synapse  (Nadler  jet  £l. ,  1976). 

3.  Mossy  fiber  synapses  in  the  CA^  region 

Axons  of  granular  cells,  known  as  mossy  fibers  form  synapses  with 
apical  dendrites  of  CA^  pyramidal  neurons.  These  synapses  are  of  the  "en 


i  . 


provides  afferents  to  apical  and  basal  dendrites  of  pyramidal  cells  in  the 
CA^-CA^  region  and  to  the  gyrus  dendatus  (Lynch  and  Cotman,  1975;  Laurberg, 
1979) .  The  commissural  fiber  system  may  be  employed  in  indirect  inhibition. 
These  fibers  also  connect  to  small,  bipolar  vasoactive  intestinal  peptide 
(VIP)  immunore active  interneurons  (Leranth  and  Frotscher,  1983)  as  well  as 
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collateral  utilize  glutaminic  acid  as  their  excitatory  neurotransmitter 
(Wieraszko  and  Lynch,  1979;  Wieraszko,  1981) . 

5.  Intrinsic  inhibition  in  the  hippocampus 

Axons  of  pyramidal  and  granular  cells  have  recurrent  collaterals  which 
activate  basket  cells  as  described  by  Lorente  de  No  (1934) .  Basket  cells 
participate  in  classical  recurrent  inhibition  (Anderson  et  al. ,  1964) .  Axons 
of  basket  cells  in  turn  reunify  among  pyramidal  cell  bodies  and  dendrites,  and 
in  addition  show  lateral  spread  (Struble  £t  ,  1978).  As  a  consequence  of 
the  preparation  of  our  hippocampal  slices,  some  of  the  recurrent  inhibition  is 
lost  because  the  recurrent  collaterals  are  partially  cut. 

In  addition  to  recurrent  inhibition,  there  is  also  feed  forward 
inhibition  in  the  hippocampus  (Alger  and  Nicoll,  1982a).  The  anatomical  basis 
for  this  type  of  interaction  has  been  shown  recently  and  is  consistent  with 
earlier  physiological  findings.  Frotscher  and  Zimmer  (1983)  described 
nonpyramidal  neurons  in  striatum  pyramidale  of  the  CA^  region.  Their 
dendrites  extended  to  stratum  oriens  and  stratum  lacunoso  moleculare. 

Recently,  Somogyi  et:  al^.  (1985)  described  GABA  immunoreactive  axo-axonic  cells 
in  the  CA^  region.  Their  dendrite  distribution  corresponds  to  the 
distribution  of  pyramidal  cell  dendrites,  suggesting  the  same  input  Source. 

Additional  anatomical  evidence  for  feed  forward  inhibition  is  based  on  binding 
studies  which  reveal  that  a  GABA  antagonist,  muscimol,  binds  to  stratum  oriens 
and  stratum  radiale  areas  (Chan-Palay,  1978)  .  The  transmitter  utilized  by 
basket  cells  is  GABA  (Curtis  et  al. ,  1971;  Storm-Mathisen  and  Fonnun,  1972; 

Storm- Mathiesen,  1977).  GABA  has  two  independent  actions  on  pyramidal  cells. 

It  hyperpolarizes  their  soma,  and  has  biphasic 

depolarization/hyperpolarization  actions  when  applied  to  the  dendrites  j 

(Andersen  et  al.,  1980;  Thalmann  et  al.,  1981;  Alger  and  Nicoll,  1979;  1982b; 


Blaxter  and  Carlen,  1985) .  The  hyperpolarizing  effect  of  GABA  is  thought  to 

be  due  to  an  increase  in  chloride  conductance.  Reduction  of  the  extracellular 

chloride  concentration  causes  a  shift  of  the  reversal  potential  in  a 

depolarizing  direction  (Andersen  et  al.,  1980;  Thalmann  et  al.,  1981).  The 

biphasic  initial  depolarization  and  the  subsequent  hyperpolarization  are 

mediated  by  increased  chloride  and  calcium  activated  potassium  conductance, 

respectively.  The  phase  of  hyperpolarization  of  the  biphasic  response  can  be 

blocked  by  intracellular  injection  of  EGTA  or  by  washing  the  slice  with  a 

calcium  free  solution  (Blaxter  et  al.,  1984;  Blaxter  and  Carlen,  1985).  GABA 

analogues,  such  as  4,5,6,7-tetrahydroisoxazolo[5,5-C]pyridine  3-ol  (THIP)  and 

baclofen  elicit  hyperpolarization  when  applied  to  the  dendritic  layer  (Alger 

and  Nicoll,  1982b;  Thalmann  and  Hershkowitz,  1985).  Alger  and  Nicoll  (1982b) 

have  provided  evidence  for  two  kinds  of  GABA  receptors  on  pyramidal  cells  in 

the  hippocampus.  They  demonstrated  that  several  GABA  antagonists  block 

primarily  the  depolarizing  effect  of  GABA  on  dendrites.  In  the  presence  of  a 

% 

barbiturate  in  the  medium,  GABA  and  THIP  applied  to  the  dendrites  had  only 
depolarizing  effects.  Under  these  conditions,  the  hyperpolarizing  response  of 
the  soma  was  unaffected.  Diazepam,  on  the  other  hand,  enhanced  somatic 
hyperpolarization  without  changing  the  depolarizing  response  of  the  dendrites. 
Repetitive  or  prolonged  exposure  to  GABA  decreased  both  the  hyperpolarizing 
and  depolarizing  response  of  these  target  cells  to  this  neurotransmitter 
(Krnjevic  and  Phillis,  1963;  Ben-Ari  et  al,. ,  1979;  Thalmann  and  Hershkowitz, 
1985) .  This  attenuation,  often  described  as  "fading"  was  thought  to  be  due  to 
GABA  uptake  by  both  glia  and  neurons  (Baxter,  1976)  and/or  due  to 
intracellular  chlorine  ion  accumulation  (Gold  and  Martin,  1982)  .  Recently, 
Thalmann  and  Hershkowitz  (1985)  showed  that  this  attenuation  process  is 
independent  of  GABA  reuptake.  These  investigators  used  THIP  and  muscimol  to 


show  that  "fading"  due  to  these  agonists  still  occured.  Both  are  known  to  be 
very  poorly  taken  up  by  the  GABA  uptake  system.  The  effect  of  THIP  on 
pyramidal  neurons  did  not  reveal  a  marked  and  consistent  decrement.  The 
responses  to  THIP  and  muscimol  were,  however,  attenuated  after  a  long  pulse  of 
GABA.  This  latter  observation  makes  it  unlikely  that  attenuation  depends  on  a 
GABA  uptake  process.  The  same  investigators  did  not  observe  the  change  of 
THIP  reversal  potential  after  a  long  GABA  pulse.  The  remaining  possible 
mechanism  of  attenuation  is  a  receptor  desensitization  process,  similar  to  the 
desensitization  of  N  cholinergic  receptors . 

6.  Modulatory  innervation  of  the  hippocampus 

The  hippocampus  receives  many  afferents  which  are  denoted  by  the  name 
"extrinsic  modulatory  pathways."  In  addition  to  the  above  described  afferents 
from  the  entorhinal  cortex  and  from  the  contralateral  hippocampus,  there  are 
afferents  arising  from:  a)  septum,  b)  thalamus,  c)  hypothalamus,  d)  inter¬ 
peduncular  nucleus,  e)  medial  raphe  nuclei  (nucleus  raphe  dorsalis,  nucleus 
centralis),  f)  locus  coeruleus,  and  g)  dorsal  tegmental  nucleus.  The  last 
four  originate  in  the  mesencephalon  and  brainstem  (Wyss  et  al . ,  1979;  Riley 
and  Moore,  1981).  For  clarity,  we  will  discuss  the  influence  of  different 
neurotransmitters  on  pyramidal  cells,  specifying  briefly  the  origin  of  fibers 
containing  the  given  neurotransmitter  substance. 

7.  Role  of  ACh 

The  cholinergic  input  to  the  hippocampal  formation  arises  from  nucleus 
septalis  medialis  and  the  vertical  and  horizontal  limbs  of  the  nucleus  of  the 
diagonal  band.  The  cholinergic  fibers  enter  the  hippocampus  through  the 
fibria.  The  nerve  endings  are  found  in  stratum  orients,  hilus  fascia  dendate, 
and  stratum  pyramidale  (Lynch  et  al.,  1978;  Kimura  et  al.,  1981;  Woolf  et  al. , 
1984) .  Stimulation  of  the  medial  septum  causes  a  marked  increase  of  the 


population  spike  in  stratum  pyramidale.  Tetanic  stimulation  causes 
facilitation  of  the  population  spike  followed  by  depression.  The  latter  is 
followed  by  long  lasting  facilitation.  These  effects  are  blocked  by  atropine 
and  scopolamine  (Krnjevic  and  Ropert,  1982) .  The  direct  postsynaptic  effects 
of  acetylcholine  are  excitatory.  It  has  a  long  time  course  comparable  to  that 
described  in  autonomic  ganglia  and  is  accompanied  by  a  slow  rise  of  input 
resistance  (Dodd  et  al . ,  1981).  Cole  and  Nicoll  (1984)  were  able  to 
demonstrate  that  repetitive  stimulation  of  cholinergic  fibers  (stratum  oriens) 
in  vitro  produced  a  fast  e.p.s.p.  followed  by  i.p.s.p.  and  then  followed  by 
slow  e.p.s.p.  The  recordings  were  made  in  CA^  region.  Tetrodotoxin  blocked 
the  slow  e.p.s.p.  suggesting  that  the  slow  e.p.s.p.  was  dependent  on 
propagated  nerve  action  potentials.  The  slow  e.p.s.p.  was  enhanced  by 
physostigmine  and  blocked  by  atropine.  Physostigmine  also  reduced  the  after 
hyperpolarization  and  this  effect  was  also  blocked  by  atropine.  These 
investigators  also  studied  the  relationship  between  the  stimulation  of 
different  layers  of  the  hippocampal  slice  with  the  presence  or  absence  of  the 
above  phenomena.  Their  finding  confirmed  earlier  anatomical  studies  on  the 
location  of  cholinergic  nerve  endings.  The  long  lasting  effect  of  ACh  tends 
to  facilitate  the  response  of  pyramidal  cells  to  excitatory  afferent  impulses. 
A  second  action  of  ACh  in  the  hippocampus  is  inhibitory.  Valentino  and 
Dingledine  (1981)  reported  that  the  iontophoretic  application  of  ACh  to  the 
pyramidal  cell  layer  caused  excitation  (enhancement  of  evoked  e.p.s.p.  and 
attenuation  of  recurrent  i.p.s.p.) .  However,  the  iontophoretic  application  of 
ACh  to  the  dendritic  zone  resulted  in  a  reduction  of  both  the  e.p.s.p.  and 
recurrent  i.p.s.p.  The  effect  exerted  on  dendrites  was  blocked  by  atropine. 
The  presynaptic  inhibition  involved  both  inhibitory  and  excitatory  afferents. 
It  was  postulated  by  Valentino  and  Dingledine  (1981)  that  ACh  may  decrease  the 


stimulus  when  applied  to  stratum  radiale.  They  determined  that  this  action  is 
mediated  through  M  receptors  and  occurs  via  the  lateral  septum.  An 

3 

interesting  observation  made  by  Finklestein  et  al.  (1985)  is  that  (  H]-Ch 
3  3 

uptake,  (  H]-ACh  release,  and  (  H] quinuclidinbenzilate  (QNB)  binding  can  be 
modified  by  stress.  Choline  uptake  increased  after  10  min  of  restraining  a 
rat  in  the  prone  position.  Increasing  the  duration  of  stress  reduced  choline 
uptake.  Acetylcholine  release  and  QNB  binding  increased  proportionally  to  the 
duration  of  restraint  induced  stress. 

8.  Role  of  NE 

Noradrenergic  afferents  to  the  hippocampus  arise  from  the  locus  coeruleus 
and  pass  through  the  forebrain  via  the  fasciculus  medialis  (Lindvall  and 
Bjorklund,  1974) .  Noradrenergic  nerve  endings  are  found  to  be  most  dense  in 
the  hilus  of  the  dentate  gyrus,  stratum  laculosum-moleculare  CA^  and  stratum 
radiatum  CA3.  It  has  been  demonstrated  that  both  a  and  8  adrenergic  receptors 
are  present  in  the  hippocampus  and  that  the  distribution  of  norepinephrine 
correlates  better  with  the  density  of  o  adrenergic  receptors  (Young  and  Kuhar, 
1980) .  The  selective  8  agonist,  2-f luoronorepinephrine  (2  FNE)  increases  the 
population  spike  amplitude  in  vitro  in  hippocampal  slices  pretreated  with  the 

1  t 

MAO  inhibitor  pargyline  (Muller  et  al. ,  1982) .  This  effect  was  blocked  by  the 
6-antagonist  timolol,  while  the  a-antagonist  phentolamine  did  not  have  any 
effect.  The  a  agonist,  6  fluoronorepinephrine  (6FNE)  produced  a  marked 
decrease  in  the  population  spike  amplitude;  this  effect  was  blocked  by 
phentolamine.  The  action  of  the  indirect  acting  agonist  tyramine  was  markedly 
potentiated  by  phentolamine .  Metabolic  studies  showed  that  NE  increased 
intramitochondrial  fluorescence  of  NADH  (Segal  et  al. ,  1980) .  The  effect  was 
blocked  by  propranolol  and  ouabain,  and  mimicked  by  cAMP.  Surprisingly,  the 
effect  was  still  present  after  the  pyramidal  cells  were  destroyed  by  kainic 
acid.  This  suggests  that  the  effect  of  NE  on  such  cells  is  indirect. 
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Destruction  of  noradrenergic  afferents  to  the  hippocampus  can  occur  with 
the  selective  action  of  N- (2-chloroethyl) -N-ethyl-2-bromobenzylamine  (DSP4) 
which  results  in  greater  than  70%  depletion  of  norepinephrine  content.  Such 
depletion  of  NE,  however,  does  not  change  the  population  spike  amplitude 
(Dunwiddie  et  al.,  1983).  Interestingly,  it  also  does  not  change  the  number 
of  B-adrenergic  binding  sites  nor  the  response  to  the  beta  agonist 
isoproterenol  (Dunwiddie  et  al.,  1983;  De  Montigny  et  al . ,  1980).  The 
inhibitory  response  of  pyramidal  cells  to  clonidine  is  also  unchanged. 

9.  Role  of  5-HT 

Serotonergic  afferents  to  the  hippocampus  arise  from  nucleus  centralis 
superior  and  nucleus  raphe  dorsalis.  Radiographic  studies  indicate  that  the 
serotonergic  innervation  is  more  abundant  in  stratum  radiatum  than  in  stratum 
pyramidole  (Azmitia  and  Segal,  1978;  Riley  and  Moore,  1981).  Serotonin  (5-HT) 
has  two  distinct  actions.  When  applied  to  the  CA^  region  it  causes 
hyperpolarization  and  a  decrease  in  resistance  of  about  30%  (Segal,  1980) . 

v 

This  action  is  blocked  by  methysergide .  The  action  of  5-HT  appears  to  be  a 

direct  effect  since  it  is  resistant  to  blockade  by  a  medium  containing  low 
+2  +2 

Ca  and  high  Mg  .  When  applied  iontophoretically  to  the  dentate  region, 

% 

serotonin  causes  depolarization  with  a  decrease  of  input  resistance  similar  to 
that  obtained  by  applying  GABA  to  the  dendritic  zone.  Destruction  of  the 
serotonergic  innervation  by  intraventricular  injection  of 

5,7-dihydroxytryptamine  does  not  affect  the  responsiveness  of  CA^  neurons  to 
iontophoretically  applied  serotonin  (De  Montigny  et  al. ,  1980) .  This  suggests 
a  lack  of  up  regulation  of  serotonergic  receptors  after  destruction  of 
serotonergic  afferents  to  the  hippocampus. 

10.  Role  of  opioid  peptides 

There  appears  to  be  a  general  consensus  that,  with  three  exceptions, 
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the  effect  of  opiates  is  to  reduce  spontaneous  and  evoked  neuronal  discharge 
(see  Rosier  and  Bloom,  1982) .  The  three  exceptions  are  with  hippocampal 
pyramidal  neurons  (Nicoll  et  al.,  1977;  Zieglgansberger  et  al.,  1977),  Renshaw 
cells  in  the  spinal  cord  (Davies  and  Dray,  1976,  1978) ,  and  lateral  reticular 
nucleus  (Satoh  et  al. ,'  1979) . 

Present  data  suggest  that  there  may  be  three  sources  of  opioid  peptides 
in  the  rat  hippocampus,  a)  granule  cells-CA^  mossy  fibers  system  containing 
dynorphin,  b)  projection  from  lateral  entorhinal  cortex  containing  enkephalin, 
and  c)  intrinsic  neurons  (Gall  et  al.,  1981).  The  first  system  is  localized 
in  the  hilus  area  of  the  dendate.  Axons  of  these  cells  terminate  in  stratum 
lucidum  in  the  CA3  region.  The  authors  suggest  that  at  least  part  of  the 
granule  cell  and  mossy  fiber  projection  is  "enkephalinergic."  The  second 
system  arises  from  the  lateral  retrohippocampal  cortex.  The  terminals  are 
found  in  the  outer  molecular  layer  of  gyrus  dentatus  and  in  stratum 
lacuhoso-moleculare  in  the  CA^  region.  Additionally,  immunoreactive  cell 
bodies  are  found  in  stratum  pyramidale  of  the  CA^  region,  in  stratum  radiatum 
and  stratum  orients  of  the  CA^^  region.  These  cells  are  described  as 
interneurons.  Stengard-Pedersen  et  al.  (1983)  offered  evidence  that  besides 
opioid  peptides,  the  mossy  fibers  contain  cholocystokinine.  McGinty  et  al. 
(1983)  showed  that  the  opioid  staining  of  mossy  fibers  is  probably  exclusively 
due  to  the  kappa  agonist,  dynorphin.  Opioid  peptides  enhance  the  response  of 
pyramidal  neurons  to  excitatory  synaptic  activation.  The  site  of  action  of 
opioid  peptides  is  in  stratum  pyramidale,  although  they  do  not  depolarize 
pyramidal  cells,  increase  resistance,  or  lower  the  threshold  of  excitation 
(Nicoll  et  al.,  1980;  Dingledine,  1981).  Dunwiddie  et  al.  (1980)  and  Lee  et 
al.  (1980)  demonstrated  that  the  primary  effect  of  iontophoretically  applied 
opiates  on  pyrammidal  cells  is  augmentation  of  their  electrical  activity  due 


2 

to  disinhibition.  When  D-Ala  methionine-  enkephalinoamide  was  applied 

iontophoretically  to  an  identified  putative  inhibitory  interneuron  its  firing 

rate  decreased.  This  effect  was  antagonized  by  naloxone.  Nicoll  et  al. 

(1980)  used  intracellular  recordings  to  determine  that  feed  forward  inhibitory 

potentials  to  orthodromic  stimulation  are  more  attenuated  than  the  responses 

to  antidromic  stimulation.  The  antagonism  between  GABA  and  opioids  does  not 

occur  at  the  gabergic  receptor  level  since  the  effects  of  exogenous  GABA  was 

2 

not  antagonized  by  D-Ala  methionine-enkephalinamide.  Dingledine  (1981) 
reported  that  enkephalin  exerts  its  action  mainly  on  the  feed  forward 
inhibitory  pathway.  Mapping  experiments  suggest  that  the  primary  site  of 
enkephalin  action  cam  be  localized  on  the  soma  and  axon  of  gabergic  cells  in 
the  CA^  region,  which  is  most  likely  the  cell  described  by  Somogyi  et  al. 

(1985) . 

11.  Role  of  other  neurotransmitters  and  autocoids. 

Immunoreactive  staining  methods  applied  to  the  hippocampal  formation  have 

revealed  the  presence  of  a  number  of  neuroactive  peptides.  Vasoactive 

intestinal  polypeptide  (VIP)  and  cholecystokinin  (CCK)  staining  have  the  same 

distribution,  i.e. ,  in  stratum  oriens  and  stratum  radiatum  of  the  CA^  region, 

•  • 

and  near  the  dentate  hilus  (Greenwood  et  al.,  1981 ;  Leranth  and  Frotscher, 
1983;  Loren  et  al. ,  1983).  However,  CCK  is  much  more  abundant  (Iverson, 

1983) .  Both  peptides  have  excitatory  properties  when  applied 
iontophoretically  to  pyramidal  cells.  The  octopeptide  fragment,  CCK-8,  the 
principal  form  present  in  the  brain,  elicits  potent  excitatory  responses  as 
rapidly  as  L-glutamate  (Dodd  and  Kelly,  1981).  CCK  at  concentrations  below  an 
effect  on  the  population  spike  blocks  GABA-induced  suppression  of  the  activity 
of  pyramidal  neurons  (Stittsworth  and  Giardina,  1985) .  Somatostatin 
containing  neurons  are  present  in  the  hilar  region  and  extend  to  the  molecular 


layer  of  gyrusdentatus .  When  applied  by  iontophoresis  or  pressure  injection 
to  the  CA^  and  CA^  regions,  it  appears  to  excite  pyramidal  cells  (Bakst  et 
al. ,  1985).  The  excitation  is  fast  in  onset,  resembling  that  evoked  by 
glutamate  (Dodd  and  Kelly,  1978) . 

t. 

Other  substances  present  in  the  hippocampus  include  TRH  prohormone 
located  in  the  hilus  of  the  dentate  (Low  £t  al. ,  1985) .  The  TRH  source  is 
extrinsic.  The  nerve  fibers  containing  TRH  may  enter  the  hippocampus  via  the 
fornix.  In  addition,  corticotropin  releasing  factor  (CRF)  has  been  found  in 
the  hippocampus.  Vasopressin  increases  the  excitability  of  pyramidal  neurons. 
Vasopressin  causes  constriction  of  some  (not  all)  blood  vessels  in  the 
hippocampus  in  vitro.  Oxytocin  excites  inhibitory  interneurons  causing 
excitation  of  pyramidal  cells  (Chappell  et  al. ,  1985;  Raggenbass  et  al. ,  1985; 
Smock  and  Topple,  1985). 

The  interactions  of  various  neurotransmitters  and  autocoids  are  just  now 
being  studied  so  our  knowledge  in  this  area  is  sparse. 


Fig.  5.  Schematic  diagram  of  the  relationship  between  cholinergic  inputs  and 
intrinsic  neurons  of  the  rat  hippocampus . 


12.  Summary  diagram  of  the  neurotransmitter  anatomy  of  the  hippocampus 

A  simplified  diagram  which  summarizes  the  known  neurochemical  inputs, 
intrinsic  connects  and  outputs  of  the  hippocampus  is  illustrated  in  Fig.  5. 

II.  Materials  and  Methods 

A.  General 

Tritiated  choline  (spec,  activity  80  Ci/mmol)  was  purchased  from  New 
England  Nuclear  (Boston,  MA  02118) .  ACS  scintillation  fluid  and  NCS  tissue 
solubilizer  were  supplied  by  Amersham  (Arlington  Heights,  IL  60005).  Atropine 
sulfate,  hemicholinium-3  (HC-3) ,  carbamylcholine  chloride  (carbachol) , 
scopolamine  hydrochloride,  _l-hyoscyamine ,  methylatropine  methylnitrate  and 
benactyzine  hydrochloride  were  purchased  from  Sigma  Chemical  Co.  (St.  Louis, 

M0  63178) .  pirenzepine  was  obtained  from  Boehringer  Ingelheim,  Ridgefield, 

CN  (06877) .  Mecamylamine  was  donated  by  Merck,  Sharp  and  Dohme  Research  Lab 
(Rahway,  NJ  07065) .  Dexetimide  hydrochloride  was  donated  by  Janssen 
Pharmaceutics,  Inc.  (Piscataway,  NJ  08854).  c3-Hyoscyamine-d-camphor  sulfonate 
was  obtained  from  the  former  Parke  Davis  and  Co.  when  they  were  located  in 
Detroit,  MI  48207.  Aprophen  was  the  generous  gift  of  J.F.  Stubbins,  Medical 
College  of  Virginia.  All  other  chemicals  were  reagent  grade.  The  preparation 
and  perfusion  buffer  selected  was  Yamamoto  solution  (Wieraszko,  1982) 
containing  124  mM  NaCl;  3.1  mM  KC1;  25.6  mM  NaHCO^;  1.3  mM  CaCl2j  1.3  mM 
MgS04?  1.3  mM  KH2PC>4;  and  10  mM  glucose.  Male  HSD,  Sprague  Dawley  outbred 
rats  (150-250  g)  from  Harlan  Sprague  Dawley,  Inc.  (Indianpolis,  IN  46229)  were 
used  for  all  experiments.  Animals  were  housed  in  a  temperature-controlled 
room  on  a  12  hr  fixed  light  schedule  (0700-1900  light  and  1900-0700  dark) . 

Food  and  water  were  available  ad  lib.  Rats  were  killed  by  decapitation. 

Their  brains  were  removed  and  placed  in  oxygenated  ice  cold  (3-5°C)  Yamamoto 


solution.  The  hippocampi  were  dissected  and  transverse  slices  (400  pm)  were 


prepared  using  a  Mcllwain  tissue  chopper.  The  slices  from  the  medial  section 
of  hippocampus  were  incubated  for  30  min  in  5  ml  of  artificial  cerebrospinal 
fluid  (Yamamoto  solution)  containing  20  yCi  of  3H-choline.  The  final 
concentration  of  choline  was  1.05  yM.  This  low  cholir.e  concentration  has  been 
shown  to  be  optimal  for  high  affinity  uptake  by  cholinergic  neurons  (Weiler  et 
al. ,  1979).  After  incubation  the  slices  were  washed,  placed  in  the  chambers 
and  superfused  for  40  min  with  a  flow  rate  of  1  ml/min.  It  is  important  to 
stress  that  the  flow  rate  for  the  individual  chamber  remained  constant  during 
the  experiment.  This  constant  flow  rate  assures  that  the  changes  in 
radioactivity  collected  in  each  aliquot  reflect  real  changes  in  release.  The 
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perfusate  solution  contained  HC-3  (10  yM)  to  prevent  re-uptake  of  H-Ch  and 
was  constantly  equilibrated  with  5%  CO^  and  95%  O^.  By  preventing  the  uptake, 
more  accurate  measures  of  released  ACh  could  be  made.  All  solutions  and 
slices  were  held  at  35°C.  After  40  min  of  superfusion,  the  fluid  was  then 
collected  at  5  min  intervals  for  the  subsequent  65  min.  After  60  min  and  at 
90  min  the  slices  were  stimulated  for  2  min  each  with  rectangular  electrical 
pulses.  At  65  min,  after  the  first  stimulation,  all  chambers  except  those 
designated  to  serve  as  controls,  were  perfused  with  solution  containing  the 
drug  to  be  studied.  The  parameters  of  the  stimuli  were  as  follows:  Voltage  - 
25  V,  pulse  duration  =  2  msec,  frequency  1  Hz,  current  =  20-25  mA.  In  some 
experiments  the  frequency  ranged  from  0.25  Hz  to  16  Hz.  One  ml  of  each 
collected  perfusate  (i.e.,  each  5  min  interval)  was  removed  and  added  to  15  ml 
of  ACS  scintillation  fluid.  At  the  termination  of  the  experiment,  the  slices 
were  dissolved  in  100  yl  NCS  tissue  solubilizer  and  counted  in  15  ml  of  ACS. 
Total  disintegrations  per  min  (dpm)  were  determined  using  a  programmed  LS  9900 
series  liquid  scintillation  spectrometer  (Beckman) .  Each  evoked  release  was 
expressed  as  a  percentage  of  the  pre-existing  pool  of  neurotransmitter  before 
the  stimulation.  The  ratio  of  the  fraction  released  during  the  second 


stimulation  (S^)  over  the  fraction  released  during  the  first  stimulation  (S^) 
represents  a  normalized  value  for  the  evoked  release  of  ACh.  The  ratios  from 
experiments  with  drug-treated  slices  were  compared  to  the  ratios  of  control 
slices.  Another  set  of  experiments  was  performed  using  a  modified  method. 
After  placing  the  slices  in  the  chambers  and  after  40  min  of  superfusion, 
fractions  were  collected  every  5  min  from  40  to  165  min  usng  an  Ultrorac  II 
fraction  collector  (LKB,  Sweden).  At  15  min  intervals,  slices  were 
electrically  stimulated  for  2  min  with  rectangular  pulses  (1  Hz,  2  ms,  25  V, 
25  mA) .  The  first  stimulation  served  as  the  control.  The  slices  were 
perfused  with  the  treatment  drug  at  the  lowest  concentration  prior  to  the 
second  stimulation.  The  next  higher  concentration  of  the  treatment  drug  was 
added  to  the  perfusate  after  each  succeeding  stimulation  period.  One  ml  of 
each  collected  fraction  was  added  to  glass  vials  containing  15  ml  ACS 
scintillation  fluid.  At  the  end  of  the  experiment  the  slices  were  each 
dissolved  in  100  yl  of  NCS  tissue  solubilizer  and  added  to  glass  vials  with 
scintillation  fluid.  Total  disintegrations  per  min  (dpms)  were  determined 
directly  using  a  programmed  LS9S00  series  liquid  scintillation  spectrometer 
(Beckman  Instruments,  Irvine,  CA  92713). 

B.  Calculations  and  statistical  analyses. 
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Each  evoked  H-ACh  release  was  calculated  as  a  percentage  of  the  total 
pre-existing  radiolabeled  ACh  prior  to  that  stimulation.  The  data  were 
expressed  as  the  percent  difference  between  treated  and  control  fractional 
release.  Calculations  were  performed  by  computerized  methods.  The  formula 
utilized  for  the  calculations  was  as  follows: 

Sn  _  SI 

Percent  change  _  Cn  Cl 
from  control 

SI 

Cl 

Sn  -  Fraction  released  from  a  treated  slice  at  a  given  stimulation  period. 

Cn  -  Corresponding  fraction  obtained  from  control  slice. 

SI  -  Fraction  released  from  a  treated  slice  at  the  first  stimulation  period; 

no  drug  present 

Cl  -  Fraction  released  from  a  control  slice  at  the  first  stimulation  period. 
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A  critical  calculation  is  the  determination  of  the  true  basal  release  of 
3H-ACh  prior  to  electrical  stimulation  of  peak  3H-ACh  release.  Hence,  the 
true  3H-ACh  release  is  the  difference  between  peak  and  basal  release.  We 
observed  that  a  5  min  collection  period  was  enough  to  "catch"  all  of  the 
radioactivity  released  during  one  stimulation  period.  The  baseline  values  for 
all  the  peaks  obtained  by  electrical  stimulation  were  calculated  by  obtaining 
the  mean  value  of  the  baseline  values  before  and  after  stimulation.  This 
method  allows  one  to  take  under  consideration  all  of  the  peak  radioactivity 
even  if  it  was  divided  into  two  fractions.  All  of  the  calculations  were 
performed  by  computerized  methods  and  a  programmable  Hewlett  Packard  29C 
calculator.  The  results  are  presented  as  percent  change  of  control  and  in 
some  instances  as  the  S^/S^  ratio  ±  S.E.  The  latter  method  was  used  in  many 
of  the  earlier  Quarterly  Progress  Reports. 

C.  Tests  of  viability  and  criteria  of  inclusion/exclusion. 

The  major  test  of  viability  of  the  hippocampal  slices  was  their  ability 
3 

to  maintain  H-ACh  release.  In  addition,  before  incubation  the  slices  were 
inspected  visually  for  anatomical  integrity  as  per  Teyler,  1980. 

Ratios  (i.e.,  S^/S^)  of  t^ie  two  Pea^  release  values  or  %  of  total 

* 

release  expressed  as  %  fractional  release  obtained  during  electrical  ' 
stimulation  of  treated  and  untreated  rat  hippocampal  slices  were  accepted  or 
rejected  based  on  the  absence  or  occurrence  of  release  during  or  S2«  If  no 
appreciable  release  was  observed,  that  slice  was  judged  to  be  not  stimulated 
and/or  not  viable.  Those  values  where  little  to  no  release  was  evident  during 
either  one  or  both  stimulation  periods  were  rejected.  The  remaining  values 

were  utilized  for  the  final  data  analysis. 

3  3 

D.  What  are  the  H-products  one  is  measuring  using  H-Ch  preincubation? 

The  major  deficiency  of  the  present  research  was  that  total  3H  was 
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measured  without  prior  separation  of  H-Ch,  H-ACh,  etc.  The  literature  on 
this  issue  indicates  that  95-97%  of  total  radioactivity  is  due  to  ^H-ACh 
release  (McGee  et  al.,  1978;  Richardson  and  Szerb,  1974;  Weiler  et  al. ,  1979). 
Obviously,  further  research  is  needed  to  confirm  these  findings. 

E.  Pro  and  Con  of  biasing  presynaptic  M  and  N  receptors  with  cholinergic 
agonists 

Atropine  is  more  potent  in  releasing  ^H-ACh  from  brain  slices  when  the 
slice  is  electrically  stimulated  with  higher  frequencies  (James  and  Cubeddu, 
1984) .  Higher  frequencies  cause  increasing  rates  of  neurotransmitter  release 
so  at  any  given  time  a  larger  number  of  presynaptic  receptors  is  occupied  by 
ACh.  Therefore,  receptor  blockers  should  be  more  effective  at  higher 
frequencies  when  the  feedback  system  is  more  activated.  Under  these 
circumstances  the  action  of  atropine  would  be  measured  with  a  higher  signal  to 
noise  ratio. 

Exactly  the  same  effect  can  be  achieved  when  one  uses  muscarinic  agonists 
in  addition  to  lower  frequencies  of  stimulation.  The  use  Of  AChEI  will  also 
increase  the  concentration  of  free  ACh  in  the  synaptic  cleft.  This  would  make 
atropine  more  effective  in  antagonizing  the  inhibition  of  ACh  release  by  the  K 
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autoreceptor.  The  present  study  was  done  under  non-biased  conditions  and 
needs  to  be  extended  using  various  cholinergic  agonists.  For  the  purposes  of 
screening  nerve  agent  antidotes,  one  should  extend  the  present  research  using 
OP  substances  like  soman. 

F.  Equipment 

In  Fig.  6  is  illustrated  a  schematic  diagram  of  the  system  used  for  the 
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in  vitro  measurement  of  H-ACh  release.  It  is  important  to  stress  that 
although  the  individual  chambers  may  have  different  flow  rates  the  flow  rate 
for  an  individual  chamber  remains  constant  during  the  experiment. 


Fig.  7  is  an  expanded  view  of  one  of  the  individual  chambers.  The  slice 


is  placed  between  two  rings  of  mesh  and  two  platinum  electrodes. 


III.  Results 


A.  Effects  of  frequency  of  electrical  stimulation. 


To  establish  the  frequency  of  stimulation  convenient  for  the  required 


screening  of  muscarinic  cholinergic  agonists,  we  checked  the  relationship 


between  frequency  and  H-ACh  release.  The  results  are  illustrated  in  Fig.  8. 


Increasing  frequency  of  stimulation  produced  a  correspondingly  higher  release 


of  H-ACh  from  the  slices  reaching  an  optimum  of  4  Hz.  A  subsequent  decline 
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in  H-ACh  release  was  evident  at  16  Hz, 
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Fig.  8.  Effects  of  frequency  of  stimulation  on  H-ACh  release  from  rat 
hippocampal  slices. 


When  the  data  are  expressed  as  the  amount  of  H-ACh  released  per  one 


impulse  (Fig.  9),  a  different  relationship  appears:  the  lower  the  frequency 


the  higher  the  release  of  H-ACh.  We  conclude  from  this  set  of  experiments 


that  one  should  use  a  frequency  of  1  Hz  as  the  standard  for  the  subsequent 


experiments. 
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Additionally,  the  stimulated  release  of  3H-ACh  using  the  lower  frequency 
will  not  deplete  the  ACh  pool.  Hence,  the  second  stimulus  (S2>  modified  by 
the  muscarinic  cholinergic  blocker  (with  an  expected  increase  in  the  3H-ACh 
release)  will  not  be  limited  by  a  depleted  ACh  pool. 


Release  of  ACh  per  1  impulse 


frequency 


Fig.  9.  Calculated  release  of  3H-ACh  per  one  electrical  impulse. 
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Fig.  10  illustrates  the  results  on  H-ACh  release  in  a  typical  experiment 

using  the  hippocampal  slice  technique.  The  data  are  expressed  as  DMP  of 
3 

H-ACh.  Electrical  stimuli  were  delivered  at  60  and  90  min.  The  spontaneous 
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release  of  H-ACh  over  time  decreased.  This  was  another  reason  that  the 
"fraction  of  release"  method  subsequently  was  utilized. 

During  the  course  of  this  research  it  became  apparent  that  a  more 

3 

efficient  method  was  needed  to  study  H-ACh  release.  Thus,  a  second 

3 

accumulative  method  was  developed.  Rather  than  just  study  S2/S^  H-ACh 
release,  a  series  of  increasing  concentrations  of  drug  were  added  in  an 
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Fig.  10.  Typical  spontaneous  and  electrically  stimulated  release  of  H-ACh  in 
vitro  from  rat  hippocampal  slices  using  the  S^,  S 2  method.  - 


accumulative  manner  to  obtain  an  S,  ,  S„...S  .  Typical  spontaneous 
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and  electrically  stimulated  release  of  3H-ACh  in  vitro  from  rat  hippocampal 
slices  is  shown  in  Fig.  11. 
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B.  Effect? of  HC-3  on  S1  release  of  H-ACh  products 

HC-3  prevents  the  presynaptic  re-uptake  of  3H-Ch,  a  3H-ACh  breakdown 
product  present  in  the  presynaptic  cleft.  Use  of  HC-3  should  result  in  more 
of  the  radioactive  ACh  products  being  left  in  the  cleft  and  then  transferred 
from  the  chamber  to  the  fraction  collection  tubes  than  would  occur  in  the 
absence  of  HC-3  (i.e.,  no  blockade  of  Ch  re-uptake).  In  fact,  our  data 
indicated  that  in  the  presence  of  HC-3  the  total  radioactivity  collected  for 
both  the  and  the  stimulation  periods  vs  background  were  higher  than  when 
HC-3  was  not  used.  To  test  whether  the  addition  of  HC-3  affects  the 
proportional  ACh  release,  as  indicated  by  the  S^/S^  ratios,  atropine 


} 
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experiments  were  conducted  in  the  presence  and  in  the  absence  of  HC-3.  All 
other  experimental  conditions  were  as  detailed  in  the  Methods  section.  Data 
from  these  experiments  were  analyzed  first  on  an  Apple  Macintosh  computer 
using  the  software  Statworks'  two-factor  analysis  of  variance  (ANOVA)  test  to 
determine  if  any  significant  difference  existed  between  the  two  groups  (all  of 
the  concentrations  plus  control  per  group).  Secondly,  the  Student's  "t"  •  est 
with  the  Welch  approximation,  programmed  and  run  on  a  Hewlett-Packard  29C 
calculator,  was  used  for  estimating  any  significance  of  difference  between 
each  concentration  with  and  without  HC-3  (e.g.,  atropine  10-^  +  HC-3)  and 
between  the  two  separate  control  sets.  No  significant  differences  between 
groups  or  sets  of  data  were  found  with  either  test. 

Spontaneous  and  stimulated  release  of  , 
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Fig.  11.  Typical  spontaneous  and  electrically  stimulated  H-ACh  release  in 

vitro  from  rat  hippocampal  slices  using  an  accumulative  S. ,  S_....  S  method 

1  2  n 

C.  Effects  of  atropine 

Atropine  sulfate  was  chosen  first  because  it  is  the  classic  nonselective 


muscarinic  antagonist.  The  effect  of  increasing  concentrations  of  atropine 
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alone  on  the  evoked  H-ACh  release  were  studied.  Table  1  and  Fig.  12 

3 

illustrate  that  the  pattern  of  H-ACh  increase  was  dose-dependent.  No 
appreciable  differences  were  noted  between  data  from  experiments  where  HC-3 
was  or  was  not  used.  Therefore,  all  data  were  combined.  In  this  and  all 
subsequent  tables,  the  number  of  experiments  is  given  as  N. 

Table  1.  Effects  of  atropine  on  3H-ACh  release 


Concentration 

%  of  Control 

S.E. 

N 

io“5m 

12.9 

2.9 

5 

3  x  10~6M 

26.8 

11.1 

5 

10-5m 

34.6 

7.3 

5 

3  x  10“5M 

47.6 

8.7 

10 

-4 

10  M 

24.6 

5.4 

4 

Atropine 

••• 

%  of  30 
control 


concentration  (M) 


Fig.  12.  Effects  of  atropine  on  H-ACh  release* 
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D.  Effects  of  d-hyoscyamine 
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d-Hyoscyamine ,  one  of  two  enantiomers  of  atropine,  does  not  affect  H-ACh 
release  when  compared  to  control.  This  lack  of  effect  is  not  unexpected  since 
d-hyoscyamine  has  been  shown  to  be  inactive  as  a  muscarinic  antagonist  iui  vivo 
when  administered  to  experimental  animals.  The  active  form  is  its  non- 
superimposable  mirror  image,  L-hyoscyamine.  The 

data  obtained  with  d-hyoscyamine  are  given  in  Table  2  and  Fig.  13  below. 

i 

3 

Table  2.  Negligible  effects  of  d-hyoscyamme  on  H-ACh  release 


Concentration 

%  of  Control 

SE 

N 

3  x 

io"8m 

-  0.2 

0.2 

4 

3  x 

io-7m 

-  2.4 

0.9 

4 

1  X 

io'6m 

8.2 

2.8 

4 

3  x 

io"6m 

9.1 

3.0 

•*.  4 

1  X 

10-5m 

-16.9 

2.5 

4 

d- 

HYOSCY AMINE 
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E.  Effects  of  ^-hyoscy amine 

Atropine  is  a  mixture  of  two  enantiomers,  JL-hyoscyamine  and 
d-hyoscyamine.  The  substance,  L-hyoscyamine,  is  the  active  form  that  binds 
cholinergic  muscarinic  receptors.  Results  showing  the  release  of  ACh  versus 
atropine  concentration  are  presented  in  Table  3.  Fig.  14  displays  the  data  in 
graphic  form.  As  expected,  1-hyoscyamine  is  more  potent  than  atropine. 


Table  3.  Effects  of  _l-Hyoscyamine  on  3H-ACh  Release 


Concentration 

%  of  Control 

S.E. 

N 

1  X 

io-7m 

6.3 

1.8 

4 

3  x 

io“7m 

19.5 

8.9 

6 

3  x 

io"6m 

25.7 

8.7 

4 

lx 

io“6m 

12.6 

4.8 

6 

concentration  (M) 

Fig.  14.  Effects  of  JL-hyoscyamine  on  3H-ACh  release. 
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F.  Effects  of  methylatropine 

The  response  to  methylatropine  was  not  unlike  that  to  atropine  except 
that  methylatropine  was  slightly  more  potent.  In  intact  animals  methylatropine 
exhibits  its  actions  peripherally  rather  than  centrally  because  it  does  not 
cross  the  blood-brain-barrier.  This  impermeability  results  from  its 
hydrophilic  properties  due  to  its  quaternary  amine  structure.  However,  with 
brain  slices  there  is  no  blood-brain-barrier.  When  such  slices  were  treated 
with  methylatropine  they  showed  an  increase  in  stimulated  acetylcholine 
(3H-ACh)  release  as  compared  with  the  nontreated  control  slices.  The  molar 
concentrations  used  and  resultant  ratios  are  shown  in  Table  5  and  Fig.  15. 


Table  4. 


Effects  of  methylatropine  on 
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H-ACh  release 


Concentration 

%  of  Control 

S.E. 

N 

1  X 

io"7m 

10.9 

3.5 

•  4 

3  x 

io"7m 

21.7 

16.5 

3 

1  X 

io“6m 

26.8 

2.3 

4 

3  x 

io"6m 

40.0 

24.0 

4 

1  X 

io”5m 

17.8 

5.7 

5 

Fig.  15  illustrates  the  data  with  the  corresponding  log  concentrations  in 

3 

graphic  form.  The  concentration-effect  curve  shows  enhanced  H-ACh  release 

with  increasing  concentrations  of  methylatropine  to  and  including  3  x  10^  M. 

-5  3 

At  a  higher  concentration  (1  x  10  M) ,  H-ACh  release  was  decreased  from  peak 

—6 

release  levels  at  3  x  10  M. 
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An  interesting  aspect  of  these  data  is  that  the  concentrations  of 
methylatropine  vs  those  of  atropine  used  to  elicit  the  dose-effect  curves  in 
electrically  stimulated  slices  differ  by  an  order  of  magnitude.  This  shift  is 
clearly  shown  in  Fig.  16. 

It  has  been  reported  that  atropine  obeys  a  classical  one-site  binding 

model  while  methylatropine  binding  can  be  analyzed  to  fit  either  a  one-site  or 

a  two-site  model  depending  upon  the  lipophilic  nature  of  the  ligand.  These 

differences  were  proposed  to  be  due  to  the  lipophilic  and  and  hydrophilic 

properties  of  atropine  and  methylatropine,  respectively  (Long-Hwa  and 

El-Fakhany,  1985) .  The  same  authors  reported  that  methylatropine  displaces 

3  3 

the  hydrophilic  ligand,  H-N-methylscopolamine  (  H-NMS)  consistent  with  a 
two-site  model.  Atropine  displaced  both  types  of  ligands,  involving  a 
one-site  model  in  each  case.  Both  sites  are  thought  to  be  located  on  the  same 
receptor.  The  possibility  exists  that  binding  of  a  hydrophilic  ligand  to  the 
corresponding  site  on  the  presynaptic  receptor  is  more  efficient  in  inhibiting 
the  action  of  the  receptor.  A  second  possibility  is  that  presynaptic 
cholinergic  receptors  have  more  hydrophilic  sites  or  more  exposed  hydrophilic 

sites  than  do  the  postsynaptic  receptors.  These  findings  may  indicate  a 

« 

preferential  binding  of  methylatropine  to  presynaptic  versus  postsynaptic 
receptors  while  atropine  may  bind  to  all  receptors  in  an  equivalent  manner. 

G.  Effects  of  scopolamine 

Scopolamine-treated  slices  exhibited  stimulated  3H-ACh  release  as 
compared  with  the  nontreated  control  slices  as  summarized  in  Table  5  and  Fig. 
17.  Five  concentrations  (ranging  from  3  x  10  to  10  ^M)  with  four  slices 
per  concentration  were  assayed.  The  results  indicate  that  the  responses  were 
dose-dependent  within  that  concentration  range.  These  data  are  not  unexpected 
because  scopolamine  is  a  muscarinic  antagonist  that  has  been  shown  to  act  on 
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the  Ml  and  M2  receptors  and  affect  ACh  release  in  concentrations  simj1ar  to 
those  of  atropine  (Halim  et  al.,  1982;  Raiteri  et  al.,  1984;  Kellar  et  al. , 


•L 


I 


1985)  . 
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H.  Effects  of  pirenzepine 

As  described  earlier  in  this  report,  current  research  indicates  that 


there  are  at  least  two  types  of  muscarinic  receptors.  These  receptors  have 

been  designated  Ml  and  M2  and  have  been  localized  on  the  postsynaptic 

membranes.  The  differences  between  these  receptors  may  be  conformational 

rather  than  compositional  (Sokolovsky  et  al . ,  1983) .  Pirenzepine  binds  with 

high  affinity  to  the  Ml  receptor  while  atropine  binds  to  both  of  them  with 

equal  affinity  (Vickroy,  1984) .  Pirenzepine  was  a  less  effective  promoter  of 

the  evoked  3H-  ACh  release  as  shown  in  Table  6  and  Fig.  18.  Low 

-7 

concentrations  of  pirenzepine  dihydrochloride  (1  x  10  )  seemed  to  cause  a 

3 

slight  decrease  in  H-  ACh  release,  although  the  difference  vs  the  control 
value  is  not  statistically  significant.  However,  this  low  dose  pirenzepine 
experiment  was  repeated  several  times  with  similar  results. 

Table  6.  Effects  of  pirenzepine  on  3H-ACh  release 


Concentration 

%  of  Control 

S.E. 

N 

-7 

% 

1  x  10  J 

-5.19 

3.8 

8 

1  X  10  IM 

15.15 

6.8 

3 

1  x  10  1 

9.93 

2.5 

6 

Pirenzepine 


concentration  (M) 

3 

Fig.  18.  Effects  of  pirenzepine  on  H-ACh  release. 
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I.  Effects  of  mecamylamine 

Mecamylamine  is  a  well  known  nicotinic  ganglionic  cholinergic  antagonist 

and  was  included  in  this  series  of  compounds  to  confirm  the  inhibitory 

presynaptic  control  of  H-ACh  release  by  muscarinic  autoreceptors.  The  release 

experiments  in  which  mecamylamine  was  used  as  the  treatment  drug  yielded  the  data 

-7  -6 

in  Table  7  and  plotted  in  Fig.  19.  Three  concentrations  of  10  M,  10  M  and 
10-5  M  were  assayed.  Clearly  the  results  suggest  that  mecamlyamine  does  not 
enhance  presynaptically-controlled  release  of  ^H-ACh. 

3 

Table  7.  Effects  of  mecamylamine  on  H-ACh  release 


Concentration 

%  of  Control 

S.E. 

N 

-7 

1  x  10  M 

-11.5 

3.5 

3 

1  x  10-6M 

-  8.6 

2.5 

3 

1  x  10_5M 

-3.8 

7.7 

.  3 

Mecamylamine 


95  of  control 
±SE 


-20  x  o 


10  “7  M 


1Q-S  M 


iq-5m 


concentration  (M) 


Fig.  19.  Effects  of  mecamylamine  on  H-ACh  release. 
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J.  Effects  of  aprophen 

Data  from  the  ^H-ACh  release  experiments,  using  several  concentrations  of 
aprophen,  are  listed  in  Table  8  and  are  presented  graphically  in  Fig.  20. 
Aprophen  has  the  ability  to  block  presynaptic  muscarinic  receptors,  as 

3 

exhibited  by  the  concentration  dependent  increases  of  release  of  H-ACh. 

-6 

At  concentrations  of  3  x  10  M  and  greater  aprophen-treated  slices  showed 
reduced  release  as  compared  with  control  slices. 


Table  8. 


Effects  of  aprophen  on 


3 


H-ACh  release 


Concentration 

%  of  Control 

SE 

N 

3  x 

10  nM 

8.1 

3.0 

4 

1  X 

io"“m 

13.2 

4.2 

4 

3  x 

10  “m 

20.3 

4.0 

4 

1  X 

10"'m 

23.1 

2.3 

4 

3  x 

iO'lM 

32.5 

1.1 

4 

1  X 

36.0 

3.0 

4 

3  x 

10  M 

21.0 

4.1 

4 

Apropfwn 


X  of 
control 

t  SE 


Fig. 


20. 


Effects  of  aprophen  on 


3 


H-ACh  release. 


K.  Effects  of  benactyzine 

Benactyzine  also  induces  the  release  of  8H-ACh  from  hippocampal  slices  as 
shown  in  Table  9  and  Fig.  21.  However,  one  observable  difference  is  that  the 
maximum  effect  of  benactyzine  is  smaller  than  those  elicited  by  the  other 
muscarinic  blockers,  with  the  exception  of  pirenzepine.  The  maximum  release 
mean  value  is  only  22.9%  above  the  control  mean. 

3 

•  Table  9.  Effects  of  benactyzine  on  H-ACh  release. 


Concentration 

%  of  Control 

SE 

N 

1 

X 

io”8m 

6.0 

3.1 

6 

3 

X 

io"8m 

16.9 

2.6 

6 

1 

X 

io“7m 

22.9 

3.5 

6 

3 

X 

io“7m 

17.8 

2.8 

6 

1 

X 

io"6m 

19.2 

2.5 

6 

3 

X 

io"6m 

8.7 

3.3 

6 

Bonactyzfr* 


£  of  control  20 
+  SS 


o-l - / 


to-7 

concocAritlon  ( fl ) 


Fig.  21.  Effects  of  benactyzine  on  H-ACh  release. 
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M.  Effects  of  carbachol 

As  summarized  in  Table  11  and  Fig.  23,  carbachol  in  increasing 

3 

concentrations  reduced  H-ACh  release.  The  EC50  was  about  10  jjM. 

Table  11.  Inhibitory  effects  of  carbachol  on  ^H-ACh  release 


Concentration 

%  of  Control 

S.E. 

N 

3  x 

io“7m 

-23 

10 

4 

1  X 

io~6m 

-51 

8 

4 

3  x 

H* 

o 

i 

K* 

-86 

1 

4 

1  X 

io~5m 

-97 

3 

4 

3  x 

io“5m 

-104 

1 

4 
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N.  Effects  of  atropine  on  3H-ACh  release  in  the  presence  of  carbachol 

-*6  3 

In  the  presence  of  10  M  carbachol  H-ACh  release  was  markedly  suppress¬ 


ed.  However,  when  this  concentration  of  carbachol  was  used  in  combination 
with  atropine  a  marked  shift  to  the  left  in  the  concentration  effect 
relationship  for  3H-ACh  release  was  observed.  These  data  are  summarized  in 
Table  12.  In  Fig.  24  are  plotted  the  concentration  effect  relationships  for 
atropine  with  and  without  carbachol.  Note  that  in  the  presence  of  carbachol 
atropine  increased  markedly  the  release  of  3H-ACh,  far  more  than  without 
carbachol.  The  atropine  concentration  effect  data  presented  on  the  right  hand 
portion  of  Fig.  24  were  obtained  using  the  accumulative  method  and  are  similar 
to  those  of  the  s2/s^  method  shown  in  Fig.  12.  It  also  served  as  the  control 
for  the  atropine  plus  carbachol  data  shown  in  the  left  hand  portion  of  Fig. 

24.  Additional  non- treated  slices  were  also  run  as  control. 

Table  12.  Effects  of  atropine  on  3H-ACh  release  in  the  presence 

of  1  yM  of  carbachol 


Concentration 

%  of  Control 

S.E. 

N 

3  x 

10"10M 

16.4 

8 

4 

1  X 

io'9m 

16.8 

9 

5 

3  x 

io"9m 

56.0 

17 

6 

1  X 

io_8m 

103.7 

23 

6 

3  x 

10“  8m 

107.7 

17 

6 

1  X 

io“7m 

155.4 

39 

5 

4 


S55  above 
control 

+  S.E. 


concentration  (M) 

3 

Fig.  24.  Effects  of  atropine  on  H-ACh  release  in  the  presence  and  absence  of 
carbachol. 

IV.  Discussion  and  Conclusions 

It  is  well  known  that  the  release  of  ACh  is  negatively  controlled  by 
presynaptic  muscarinic  receptors.  The  inhibition  of  ACh  release  can,  in  fact, 
be  overcome  by  classical  antagonists  such  as  atropine  (Szerb,  1979) .  Our  task 

3 

was  to  demonstrate  first  that  atropine  stimulates  H-ACh  release  in  our  model 

system  of  rat  hippocampal  slices.  We  then  proceeded  to  test  other  atropine 

like  analogs  searching  for  a  muscarinic  antagonist  with  classical  postsynaptic 

effects  but  without  the  presynaptic  stimulatory  effects  of  atropine. 

In  this  second  annual  report  we  summarize  the  results  found  with  atropine 

3 

and  related  cholinergic  antagonists  on  H-ACh  release.  The  present  research 


indicates  that  the  methods  used  are  useful  for  screening  potential  therapeutic 
agents  for  reduction  of  3H-ACh  release.  The  use  of  the  accumulative  method  is 
especially  feasible  and  is  recommended  in  future  studies.  To  our  knowledge, 
this  latter  technique  has  not  been  previously  described  in  the  literature  and 
is  a  definite  accomplishment  for  facilitating  drug  screening.  Our  data 
suggest  that  various  M-cholinergic  antagonists  differ  in  their  ability  to 
release  3H-ACh.  There  is  considerable  evidence  that  there  are  subclasses  of 
muscarinic  receptors  (Birdsall  et  al.,  1983;  Hammer  and  Giachetti,  1984; 
Hirschowitz  et  al. ,  1984) .  Pirenzepine  has  been  reported  to  bind  with  high 
affinity  to  a  receptor  designated  Ml  and  with  very  low  affinity  to  the 
receptor  M2.  Atropine  binds  with  equal  affinity  to  Ml  and  M2  (Vickroy,  1984). 
In  the  present  studies  pirenzepine  showed  very  little  effect,  suggesting  that 
the  cholinergic  autoreceptor  is  of  the  M2  type.  This  finding  is  in  agreement 
with  that  of  Mash  and  coworkers  (1985)  who  have  shown  a  selective  loss  of  M2 
muscarinic  receptors  in  the  cerebral  cortex  in  patients  with  Alzheimer's 
disease  and  in  animals  with  experimental  cortical  cholinergic  denervation. 

The  latter  human  disease  and  the  animal  experiments  destroy  cholinergic  cell 
bodies  and  subsequently  the  cholinergic  nerve  endings  which  contain  M2 
presynaptic  receptors. 

Two  major  findings  pertinent  to  the  treatment  of  OP  agents  were  made. 

The  first  was  that  benactyzine  caused  the  least  amount  of  3H-ACh  release.  The 

3 

second  was  that  the  dose  effect  curve  for  atropine  causing  H-ACh  release  was 
markedly  shifted  to  the  left  and  maximal  release  dramatically  increased  in  the 
presence  of  carbachol,  a  mixed  M  and  N  agonist.  It  is  esential  that  similar 
studies  be  done  with  nerve  agents  to  bias  the  M2  presynaptic  receptor  and 
reexamine  the  effects  of  unusual  muscarinic  antagonists  such  as  benactyzine. 


References 


Alger,  B.E.  and  Nicoll,  R.A.:  GABA  mediated  biphasic  inhibitory  response  in 
hippocc. -pus.  Nature  281:  315-317,  1979. 

Alger,  B.E.  and  Nicoll,  R.A.:  Feedforward  dendritic  inhibition  in  rat 

hippocampal  pyramidal  cell  studied  in  vitro.  J.  Physiol.  328:  105-123, 
1982a. 

Alger,  B.E.  and  Nicoll,  R.A.:  Pharmacological  evidence  of  two  kinds  of  GABA 
receptor  on  rat  hippocampal  pyramidal  cell  studied  in  vitro.  J.  Physiol. 
328:  125-141,  1982b. 

Andersen,  P. ,  Eccles,  J.C.  and  Lyning,  Y.  :  Pathway  of  postsynaptic  inhibition 
in  the  hippocampus.  J.  Neurophysiol.  27:  608-619,  1964. 

Andersen,  P.,  Dingledine,  R.,  Gjerstad,  L. ,  Langmoeu,  I. A.  and  Mosfeldt- 

Laursen,  A.  :  Two  different  responses  of  hippocampal  pyramidal  cells  to 
application  of  gamma  aminobutyric  acid  (GABA).  J.  Physiol.  305:  279-296, 
1980. 

Azmitia,  E.C.  and  Segal,  M. :  An  autoradiographic  analysis' of  the  differential 
ascending  projections  of  the  dorsaljand  median  raphe  nuclei  in  the  rat. 

J.  Comp.  Neurol.  179:  641-668,  1978. 

Bakst,  I.,  Morrison,  J.H.,  Avendano,  C.A.  and  Amaral,  D.G.:  The  origin  of 

immunoreactive  somatostatin  fibers  in  the  dentate  gyrus  of  the  rat.  Soc. 
Neurosci.  Abst.  11:  107.12,  1985. 

Baxter,  C.F.:  Some  recent  advances  in  studies  of  GABA  metabolism  and 

compartmentation.  In:  GABA  in  Nervous  System  Function,  E.  Roberts,  T.N. 
Chase  and  D.B.  Tower  (eds.).  Raven  Press,  New  York,  pp.  61-87,  1976. 

Ben-Ari,  Y.,  Krnjevic,  K.  and  Reinhardt,  W. :  Hippocampal  seizures  and  failure 
of  inhibition.  Canad.  J.  Physiol.  Pharmacol.  57:  1462-1466,  1979. 


Birdsall,  N.  and  Hulme,  E.:  Muscarinic  receptor  subclasses.  Trends  Pharmacol. 
Sci.  4:  459-463,  1983. 

Blaxter,  T.J.,  Davies,  M.F.,  Carlen,  P.L.  and  Gurevich,  N.:  GABA  mediates  a 
calcium  dependent  potassium  conductance  in  hippocampal  CA^  pyramidal 
cells.  Soc.  Neurosci.  Abstr.  10:  203,  1984. 

Blaxter,  T.J.  and  Carlen,  P.L.:  Pre-  and  postsynaptic  effects  of  baclofen  in 
the  rat  hippocampal  slice.  Brain  Res.  341:  195-199,  1985. 

Chan-Palay,  V.:  Quantitative  visualization  of  Y-aminobutyric  acid  receptors 
in  hippocampus  area  dentata  demonstrated  by  [3H]  muscimol 
autoradiography.  Proc.  Nat.  Acad.  Sci.  USA  75:  2516-2520,  1978. 

Chappell,  P.B.,  Smith,  M.A.,  Anderson,  C.M.,  Blassette,  G.,  Kilts,  C.D.  and 
Nemeroff,  C.B.:  Distribution  of  corticotropin-releasing  in  factor-like 
immunoreactivity  (CRF-11)  in  microdissected  areas  of  the  rat  brain.  Soc. 
Neurosci.  Abst.  11:  204.16,  1985. 

Cole,  A.E.  and  Nicoll,  R.A.:  Characterization  of  a  slow  cholinergic  post¬ 
synaptic  potential  recorded  in  vitro  from  rat  hippocampal  pyramidal 
cells.  J.  Physiol.  352:  173-188,  1984. 

Curtis,  D.R.,  Duggan,  A.W.,  Felix,  D.,  Johnston,  G.A.R.  and  McLennan,  H.: 

•  • 

Antagonism  between  bicuculline  and  GABA  in  cat  brain.  Brain  Res.  33: 
57-73,  1971. 

Davies,  J.  and  Dray,  A.:  Effects  of  enkephalins  and  morphine  on  Renshaw  cells 
in  feline  spinal  cord.  Nature  262:  603-604,  1976. 

Davies,  J.  and  Dray,  A.:  Pharmacological  and  electrophysiological  studies  on 
morphine  and  enkephalin  on  rat  supraspinal  neurons  and  cat  spinal 
neurons.  Br.  J.  Pharmacol.  63:  87-96,  1978. 


DeMontigny,  C. ,  Wang,  R.Y.,  Reader,  T.A.  and  Aghajanian,  G.K. :  Monoaminergic 
denervation  of  the  rat  hippocampus:  microiontophoretic  studies  on  pre- 
and  postsynaptic  supersensitivity  to  norepinephrine  and  serotonin.  Brain 
Res.  200:  363-376,  1980. 

Dingledine,  R. :  Hippocampus:  Synaptic  Pharmacology  in  Brain  Slices,  R. 

Dingledine  (ed.).  Plenum  Press,  New  York  and  London,  pp.  87-112,  1984. 

Dingledine,  R. :  Possible  mechanisms  of  enkephalin  action  on  hippocampal  CAl 
pyramidal  neurons.  J.  Neurosci.  1:  1022-1035,  1981. 

Dodd,  J,  Dingledine,  R.  and  Kelly,  J.S.:  The  excitatory  action  of 

acetylcholine  on  hippocampal  neurons  of  the  guinea  pig  and  rat  maintained 
in  vitro.  Brain  Res.  207:  109-127,  1981. 

Dodd,  J.  and  Kelly,  J.:  The  action  of  cholecystokinin  and  related  peptides  on 
'  pyramidal  neurons  of  the  mammalian  hippocampus.  Brain  Res.  205:  337-350, 
1981. 

Dodd,  J.  and  Kelly,  J.S.:  Is  somatostatin  an  excitatory  transmitter  in  the 
hippocampus?  Nature  273:  674-675,  1978. 

Dunwiddie,  T.V.,  Muller,  A.L.,  Bickford,  P.C.  and  Zahniser,  N.R.:  Electro- 
physiological  and  biochemical  sequelae  of  destruction  of  hippocampal 
noradrenergic  afferents  by  DSP4.  Brain  Res.  269:  311-317,  1983’.' 

Dunwiddie,  T.,  Mueller,  A.,  Palmer,  M.,  Steward,  J.  and  Hoffer,  B.: 

Electrophysiological  interactions  of  enkephalins  with  neuronal  circuitry 
in  the  rat  hippocampus.  I.  Effects  on  pyramidal  cell  activity.  Brain 
Res.  184:  311-330,  1980. 

Finkelstein,  Y.,  Koffler,  B.,  Rabey,  J.M.  and  Gilad,  G.M.:  Dynamics  of 

cholinergic  synaptic  mechanisms  in  rat  hippocampus  after  stress.  Brain 


V  W,  WWW  rj*  n*  rw  » j ,n.  yv  ’M-v  b>  ;V.%1MV  V,  V  V 


■ v  s  ■*  '■'■  v  »y  >7  *y  *ji  v  ,»  Jrmrc  77  a  ’rrrrm 


54 


» 


Kellar,  K.J.,  Martino,  A.M.,  Hall,  D.P.,  Schwartz,  R.D.  and  Taylor,  R.L.: 

3 

High  affinity  binding  of  [  H] acetylcholine  to  muscarinic  cholinergic 
receptors.  J.  Neurosci.  5:  1577-1582,  1985 

Kilbinger,  H. :  The  myenteric  plexus-longitudinal  muscle  preparation.  In: 

Progress  in  Cholinergic  Biology:  Model  Cholinergic  Synapses.  Hanin,  I. 
and  Goldberg,  M.  (eds.),  Raven  Press,  New  York,  pp.  137-167,  1982. 

Kimura,  H.,  McGeer,  P.L.,  Peng,  J.H.  and  McGeer,  E.G.:  The  central 

cholinergic  system  studied  by  choline  acetyltransferase  imraunohisto- 
chemistry  in  the  cat.  J.  Comp.  Neurol.  200:  151-200,  1981. 

Krnjevic,  K.  and  Phillis,  J.W.:  Iontophoretic  studies  of  neurones  in  the 
mammalian  cerebral  cortex.  J.  Physiol.  165:  274-304,  1963. 

Krnjevic,  K.  and  Ropert,  N. :  Electrophysiological  and  pharmacological 

characteristics  of  facilitation  of  hippocampal  population  spikes  by 
stimulation  of  the  medial  septum.  Neurosci.  7:  2165-2183,  1982. 

Krutak-Krol,  H.  and  Domino,  E.F.:  Comparative  effects  of  diazepam  and 

midazolam  on  paraoxon  toxicity  in  rats.  Toxicol.  Appi.  Pharmacol.  81: 
545-550,  1985. 

Langley,  J.N.:  Observations  on  the  physiological  actions  of  extracts  of  the 
supra-renal  bodies.  J.  Physiol.  (Lond.)  27:  237-256,  1902. 

Laurberg,  S.:  Commissural  and  intrinsic  connections  of  the  rat  hippocampus. 

J.  Comp.  Neurol.  184:  685-708,  1979. 

Lee,  H.K.,  Dunwiddie,  T.  and  Hoffer,  B.:  Electrophysiological  interactions  of 
enkephalins  with  neuronal  circuitry  in  the  rat  hippocampus.  II.  Effects 
on  interneuron  excitability.  Brain.  Res.  184:  331-342,  1980. 

Leranth,  C.  and  Frotscher,  M.:  Commissural  afferents  to  the  rat  hippocampus 
terminate  on  vasoactive  intestinal  polypeptide-like  immunoreactive 
non-pyramical  neurons.  An  EM  immunocytochemical  degeneration  study. 

Brain  Res.  276:  357-361,  1983. 


& 

'j 

V 

V 
■j 
\ 
*j 


5 

l 

l * 


I 

,  ■ 
3 

.Vi 


55 


Lindvall,  0.  and  Bjorklund,  A.:  The  organization  of  the  ascending 

catecholamine  neuron  system  in  the  rat  brain  as  revealed  by  the  glyoxylic 
acid  fluorescence  method.  Acta  Physiol.  Scand.  412:  1-48,  1974. 

Lomo,  T. :  Patterns  of  activation  in  a  monosynaptic  cortical  pathway:  the 

perforant  path  input  to  the  dendate  area  of  hippocampal  formation.  Exp. 
Brain  Res.  12:  18-45,  1971. 

Long-Hwa,  L.  and  El-Fakahany,  E.E.:  Heterogeneity  of  binding  of  muscarinic 

receptor  antagonists  in  rat  brain  homogenates.  J.  Pharmacol.  Exp.  Ther. 
233:  707-714,  1985. 

Loren,  I.,  Emson,  P.C.,  Fahrenkrug,  J.,  Bjorklund,  A.,  Alumets,  J.,  Hakansou, 
R.  and  Sundler,  F.:  Distribution  of  vasoactive  intestinal  polypeptide  in 
the  rat  and  mouse  brain.  Neurosci.  4:  1953-1976,  1979. 

Lorento  de  No,  R. :  Studies  on  the  structure  of  the  cerebral  cortex.  II. 

Continuation  of  the  study  of  the  ammonic  system.  J.  fur  Psychologie  und 
Neurologie  46:  113-177,  1934. 

Low,  W.C.,  Hill,  T.G.  and  Kubek,  M.J.:  Thyrotropin-releasing  hormone  (TRH) 
projection  to  the  hippocampal  formation  via  the  fornix.  Soc.  Neurosci. 
Abst.  11:  204.7,  1985. 

Lynch,  G. ,  Rose,  G.  and  Gall,  C.:  Anatomical  and  functional  aspects’ of  the 
septo-hippocampal  projections.  In:  Functions  of  the  Septo-Hippocampal 
System.  Ciba  Foundation  Symposium  No.  58,  Elsevier-North  Holland, 
Amsterdam,  pp.  5-20,  1978. 

Lynch,  G.  and  Cotman,  C.W. :  The  hippocampus  as  a  model  for  studying 

anatomical  plasticity  in  the  adult  brain.  In:  The  Hippocampus,  R.L. 
Isaacson  and  K.M.  Pribram  (eds.),  Plenum  Press,  New  York,  pp.  123-154, 


1975. 


Magnus,  R. :  Choline  as  an  intestinal  hormone.  Lane  Lectures.  Stanford 
University  Pub.  Med.  Sci.  2:  73-95,  1930. 

Mash,  D. ,  Flynn,  D.  and  Potter,  L. :  Loss  of  M2  muscarinic  receptors  in  the 
cerebral  cortex  in  Alzheimer's  disease  and  experimental  cholinergic 
denervation.  Science  228:  1115-1117,  1985. 

McGee,  R. ,  Simpson,  P.,  Christian,  C.,  Mata,  M. ,  Nelson,  P.  and  Nirenberg,  M. 
Regulation  of  acetylcholine  release  from  neuroblastoma  glioma  hybrid 
cells.  Proc.  Natl.  Acad.  Sci.  USA  75:  1314-1318,  1978. 

McGinty,  J.F.,  Henricksen,  S.J.,  Goldstein,  A.,  Terenius,  L.  and  Bloom,  F.E.: 
Dynorphin  is  contained  within  hippocampal  mossy  fibers:  Immunochemical 
alterations  after  kainic  acid  administration  and  colchicine  induced 
neurotoxicity.  Proc.  Natl.  Acad.  Sci.  USA  80:  589-593,  1983. 

Muller,  A.L.,  Kirk,  K.L.,  Moffer,  B.J.  and  Dunwiddie,  T.V. :  Noradrenergic 

responses  in  rat  hippocampus:  electrophysiological  actions  of  direct  and 
indirect  acting  sympathomimetics  in  the  in  vitro  slice.  J.  Pharmacol. 
Exp.  Ther.  223:  599-605,  1982. 

Nadler,  J.V. ,  Vaca,  K.W.,  White,  W.F.,  Lynch,  G.S.  and  Cotman,  C.W.: 

Aspartate  and  glutamate  as  possible  transmitters  of  excitatory 
hippocampal  afferents.  Nature  260:  538-540,  1976. 

Nicoll,  R.A.,  Alger,  B.E.  and  Jahr,  C.E.:  Enkephalin  blocks  inhibitory 
pathways  in  the  vertebrate  CNS.  Nature  287:  22-25,  1980. 

Nicoll,  R.,  Siggins,  G.R.,  Ling,  N.,  Bloom,  F.E.  and  Guillemin,  R. :  Neuronal 
actions  of  endorphins  and  enkephalins  among  brain  regions:  A  comparative 
microiontophoretic  study.  Proc.  Natl.  Acad.  Sci.  74:  2584-2588,  1977. 

Taton,  W.D.M.  and  Aboo  Zar,  M. :  A  denervated  preparation  of  the  longitudinal 
muscle  of  the  guinea  pig  ileum.  J.  Phys:.ol.  (Lond.)  179:  85p-86p,  1965. 


57 


Paton,  W.D.M.  and  Aboo  Zar,  M.:  The  origin  of  acetylcholine  released  from 

guinea  pig  intestine  and  longitudinal  muscle  strips.  J.  Physiol.  (Lond.) 
194:  13-33,  1968. 

Paton,  W.D.M. ,  Vizi,  E.S.  and  Aboo  Zar,  M. :  The  mechanism  of  acetylcholine 
release  from  parasympathetic  nerves.  J.  Physiol.  (Lond.)  215:  819-848, 
1971. 

Raggenbass,  M.,  Wvarin,  J.P.,  Gahwiler,  B.H.  and  Dreifuss,  J.J.:  Opposing 
effects  of  oxytocin  and  of  a  y-receptor  agonistic  opioid  peptide  on  the 
same  class  of  non-pyramidal  neurons  in  rat  hippocampus.  Brain  Res.  344: 
392-396,  1985. 

Raiteri,  M. ,  Leardi,  R. ,  and  Marchi,  M. :  Heterogeneity  of  presynaptic 

muscarinic  receptors  regulating  neurotransmitter  release  in  the  rat 
brain.  J.  Pharmacol.  Exp.  Ther.  228:  209-214,  1984. 

Ramon  y  Cajal,  S.:  Studies  on  the  cerebral  cortex  (limbic  structures). 
Translated  from  Spanish  by  Lisbeth  M.  Kraft.  Chicago,  Year  Book 
Publishers,  1955. 

Richardson,  I.W.  and  Szerb,  J.C.:  The  release  of  labeled  acetylcholine  and 
choline  from  cerebral  cortical  slices  stimulated  electrically.  Br.  J. 
Pharmacol.  52:  499-507,  1974. 

Riley,  J.N.  and  Moore,  R. :  Diencephalin  and  brainstem  afferents  to  the 

hippocampal  formation  of  the  rat.  Brain  Res.  Bull.  6:  437-444,  1981. 

Rossier,  J.  and  Bloom,  F.  Central  neuropharmacology  of  endorphins.  In: 

Endorphins,  Malick,  J.B.,  Bell,  R.M.S.  (eds.),  Dekker,  New  York,  pp.  165- 
186,  1982. 

Satoh,  M.,  Akaike,  A.  and  Takagi,  H.:  Excitation  by  morphine  and  enkephalin 
of  single  neurones  of  nucleus  reticularis  paragigantocellularis  of  the 
rat:  probable  mechanism  of  analgesic  action  of  opioids.  Brain  Res.  169: 


406-410,  1979. 


58 


Segal,  M. ,  Bar  Sagie,  D.  and  Mayevsky,  A.:  Metabolic  changes  induced  in  rat 
hippocampal  slices  by  norepinephrine.  Brain  Res.  202:  287-399,  1980. 

Segal,  M. :  The  action  of  serotonin  in  the  rat  hippocampal  slice  preparation. 
J.  Physiol.  330:  423-439,  1980. 

Smock,  T.  and  Topple,  A.:  Action  of  vasopressin  on  neurons  and  microvessels 
in  the  rat  hippocampal  slice.  Soc.  Neurosci.  Abst.  11:  210.3,  1985. 

Sokolovsky,  M. ,  Gurwitz,  D.  and  Kloog,  J.:  Biochemical  characterization  of 

the  muscarinic  receptors:  In:  Advances  in  Enzymology,  Vol.  55,  F.F.  Nord 
(ed.),  John  Wiley  &  Sons,  New  York,  pp.  137-188,  1983. 

Somogyi,  P.,  Freund,  T.F.,  Hodgson,  A.J.,  Somogyi,  J. ,  Beroukas,  D.  and  Chubb, 
I.:  Identified  axo-axomic  cells  are  immunoreactive  for  GABA  in  the 
hippocampus  and  visual  cortex  of  the  cat.  Brain  Res.  332:  143-149,  1985. 

Stengard-Pedersen,  K. ,  Fredens,  K.  and  Larsson,  L.-I.:  Comparative 

localization  of  enkephalin  and  cholecystokinin  immunoreactivities  and 
heavy  metals  in  the  hippocampus.  Brain  Res.  273:  81-96,  1983. 

Stittsworth,  J.D.  and  Giardina,  W.J.:  Cholecystokinin  blodks  effects  of  GABA 
on  hippocampal  population  spike.  Soc.  Neurosci.  Abst.  11:  217.5,  1985. 

Storm-Mathisen,  J.  and  Fonnum,  F.:  Localization  of  transmitter  candidates  in 
the  hippocampal  region.  In:  Progress  in  Brain  Research.  Vol.  36’. 
Biochemical  and  Pharmacological  Mechanisms  Underlying  Behavior,  P.B. 
Bradley  and  R.W.  Brimblecombe  (eds.),  Elsevier,  Amsterdam,  pp. 

1972. 

Storm-Mathisen,  J. :  Localization  of  transmitter  candidates  in  brain  - 

hippocampal  formation  as  a  model.  Prog.  Neurobiol.  8:  119-181,  1977. 

Struble,  R.G.,  Desmond,  N.L.  and  Levy,  W.B.:  Anatomical  evidence  for 

interlamellar  inhibition  in  the  fascia  dentate.  Brain  Res.  152:  580-585, 


1978. 


Szerb,  J.C.:  Autoregulation  of  acetylcholine  release.  In:  Presynaptic 

Receptors,  S.Z.  Langer,  K.  Starke,  and  M.L.  Dubocovich  (eds.),  Pergamon 
Press,  Oxford,  pp.  293-298,  1979. 

Teyler,  T.  J.  :  Brain  slice  preparation:  Hippocampus.  Brain  Res.  Bull.  5: 
391-403,  1980. 

Thalmann,  R.H.,  Peck,  E.J.  and  Ayala,  G.F.:  Biphasic  response  of  hippocampal 
pyramidal  neurons  to  GABA.  Neurosci.  Lett.  21:  319-324,  1981. 

Thalmann,  R.H.  and  Hershkowitz,  N. :  Some  factors  that  influence  the  decrement 
in  the  response  to  GABA  during  its  continuous  iontophoretic  application 
to  hippocampal  neurons.  Brain  Res.  342:  219-233,  1985. 

Valentino,  R.J.  and  Dingledine,  R. :  Presynaptic  inhibitory  effect  of 
acetylcholine  in  the  hippocampus.  J.  Neurosci.  1:  784-792,  1981. 

Vickroy,  T.W. :  Differential  regulation  of  putative  M1/M2  muscarinic  receptors: 
implications  for  different  receptor-effector  coupling  mechanisms. 

In:  Neurotransmitter  Receptors,  Mechanism  of  Action  and  Regulation, 

Kito,  S.,  Segawa,  T. ,  Kuriyama,  K. ,  Yamamura,  H.I.  an'd  Olsen,  R.W. 

(eds.):  Plenum  Press,  New  York,  pp.  99-111,  1984. 

Weiler,  M.H.,  Misgeld,  U.,  Bak,  I.J.  and  Jenden,  D.J.:  Acetylcholine 

synthesis  in  rat  neostriatal  slices.  Brain  Res.  176:  401-406,  1979. 

White,  W.F.,  Nadler,  J.V.  and  Cotman,  C.W.:  The  effect  of  acidic  amino  acid 
antagonists  on  synaptic  transmission  in  the  hippocampal  formation  in 
vitro.  Brain  Res.  164:  177-194,  1979. 

Wieraszko,  A. :  Stimulation  dependent  uptake  of  glutamic  acid  by  hippocampal 
slices.  Brain  Res.  207:  209-213,  1981. 

Wieraszko,  A. :  Changes  in  the  hippocampal  slices  energy  metabolism  following 
stimulation  and  long-term  potentiation  of  Shaffer  collaterals-pyramidal 
cell  synapses  tested  with  the  2-deoxyglucose  technique.  Brain  Res.  237: 


t 

Wieraszko,  A.  and  Lynch,  G. :  Stimulation  dependent  release  of  possible 

transmitter  substances  from  hippocampal  slices  studies  with  localized 
perfusion.  Brain  Res.  160:  372-376,  1979. 

Woolf,  N.J.,  Eckenstein,  F.  and  Butcher,  L.L. :  Cholinergic  system  in  the  rat 
brain:  I.  Projections  to  the  limbic  telencephalon.  Brain  Res.  Bull.  13: 
751-784,  1984. 

Wyss,  J.M.,  Swanson,  L.W.  and  Cowan,  W.M. :  A  study  of  subcortical  afferents 
to  the  hippocampal  formation  in  the  rat.  Neurosci.  4:  463-476,  1979. 

Young,  W.S.  and  Kuhar,  M.J.:  Noradrenergic  al  and  a2  receptors.  Light 

microscopic  autoradiographic  localization.  Fed.  Proc.  39:  593,  1980. 

Zieglgansberger,  W. ,  French,  E.,  Siggins,  G.  and  Bloom,  F. :  Opioid  peptides 
may  excite  hippocampal  pyramidal  neurons  by  inhibiting  adjacent 
inhibitory  interneurons.  Science  205:  415-417,  1979. 


I 

i 

I 

i 

1 

i 

f 


* 


